s u MlM A R Y Crude chitin synthetase preparations from the mycelial and yeast forms of MUCOP rouxii behaved differently. The mycelial preparations, incubated at 28 "C, lost virtually all chitin synthetase activity in a few hours; by contrast, the activity of enzyme preparations from yeast cells increased several fold during similar incubations. These spontaneous changes were probably caused by endogenous protease(s). Seemingly, the chitin synthetase in yeast preparations was present mainly in a latent, 'zymogenic', form that was activated by proteases. In the rnycelial preparations, chitin synthetase was present mainly in an active state and was rapidly degraded by endogenous proteolysis. Exogenous proteases accelerated activation and destruction of chitin synthetase; an acid protease from Rhizopus chinensis was the most effective activator. The activation of chitin synthetase was inhibited by a soluble protein in the cell-free extract. Treatment with the detergent Brij 36T stabilized the chitin synthetase of crude preparations against spontaneous changes. Stabilized preparations were rapidly activated by exogenous proteases. The different behaviour of chitin synthetases in crude extracts of mycelium and yeast cells is consistent with, and perhaps partially responsible for, the differences in wall construction between mycelial and yeast forms of M. rouxii.
resuspended in buffer, mixed with glass beads (0.45 to 0.50 mm) and broken with a Braun MSK cell homogenizer. The cell-free extract was differentially centrifuged at 1000 g, I 3 000 g, and 66000 g to obtain three pellets named, respectively, cell-wall fraction (CWF), low-speed membrane fraction (LMF), and high-speed membrane fraction (HMF), plus a soluble supernatant fraction (SSF) . Alternatively, after separation of the CWF, the supernatant was centrifuged at 66000g to sediment a mixed membrane fraction (MMF).
Enzyme assays. Chitin synthetase was measured in an incubation mixture containing, unless otherwise stated: 0.5 ~M-UDP-P*C]G~CNAC (0-2 pCi pmol-l), 20 mM-GlcNAc, 0.2 mM-ATP, 10 rn~-MgCl, and 50 mM-KH,POJNaOH buffer, pH 6.0, in a final volume of 0.25 ml. The mixtures were incubated for 30 min at 22 "C and the reaction was stopped by adding 20 pl glacial acetic acid. Radioactivity incorporated into chitin was measured by one of two methods. (I) Samples (0.2 ml) were streaked on Whatman no. 3 paper strips (4 x 50 cm) and the chromatagrams were irrigated in descending fashion with95 % (v/v) ethanol/ I M-acetic acid (70:30, by vol.) for about I I h. The radioactivity remaining at the origin was counted by liquid scintillation and assumed to be in chitin. (2) The whole incubation mixture was filtered through Whatman GFlC glass-fibre discs (2.4 cm) and washed with about 30 ml 95 % ethanol/I a acetic acid (20: 80, by vol.). The discs were dried in an oven at 70 "C, and placed in small ( 3 3 ml) vials containing 3 ml scintillation fluid. These were placed inside standard scintillation vials and counted. Both methods gave similar results. Activity was expressed as nmol [14C] GlcNAc incorporated into chitin per min. Specific activity was calculated per mg protein.
Endogenous protease activity was measured with either casein or acid-denatured haemoglobin (Schlaxnowitz & Peterson, 1959). After I h at 22 "C the mixtures were precipitated with 0.3 M-trichloroacetic acid, and after I h at o "C were centrifuged at ~o o o g .
The supernatant was assayed for peptide content with Folin's reagent (McDonald & Chen, 1965) . Specific activity of protease was expressed as nmol of non-precipitable FCA) tyrosine produced per mg protein per hour.
Chitin synthetase inhibitor was measured by the procedure of L6pez-Rorner0, RuizHerrera & Bartnicki-Garcia (unpublished). MMF from yeast cells of M. rouxii was resuspended in 0.05 M-phosphate buffer, pH 6.0, with 10 m~-MgCl, and treated with 10 mMBrij 36T for I h at o "C. It was then sedimented at 660008 for 45 min and washed twice with buffer by centrifugation at the same speed. The Brij-treated MMF was incubated with 20 mM-GlcNAc, 0-2 mM-ATP and 0.5 ~M -U D P -~~C I G~C N A C (0'2 mCi mmol-l) in the presence of trypsin (400 pg ml-l) and several dilutions of inhibitor-containing SSF for 30 min at 22 "C. Chitin synthesized was measured as described above, and the percentage inhibition caused by I mg SSF protein was calculated.
Miscellaneous. Radioactivity on paper chromatograms and glass-fibre discs was counted in scintillation fluid Hamersten casein and crystalline trypsin were from Nutritional Biochemicals (Cleveland, Ohio, U.S. A.) ; crystalline a-chymotrypsin and pronase from Calbiochem ; and acid protease from Rhizopus chinensis from Miles Laboratories (Elkhaxt, Indiana, U.S.A.). Mexicain, a crystalline protease from Pileus mexicanus (Castaiieda-Agull6 et al., 1g45), was a gift from Professor M. Castaiieda-Agull6, Instituto PolitCcnico Nacional, MCxico. The detergent Brij 36T, a product from Atlas de Mkxico, MCxico D. F., was obtained through the courtesy of C . Gitler, CIEA, Instituto PolitCcnico Nacional, MCxico. Crude bovine haemoglobin, UDPGlcNAc and phenylmethylsulphonyl fluoride were purchased from Sigma; and UDP-p4C] GlcNAc was from ICN (Irvine, California, U.S.A.).
Enzyme samples (10 ml) were sonicated in a Biosonik I11 unit (Bronwill Scientific Co., San Mateo, California, U.S.A.) adjusted to maximum acoustic efficiency (setting of 75).
RESULTS
Stabilities of mycelial and yeast chitin synthetases. The stabilities of crude chitin synthetase preparations from mycelium and yeast cells of M . rouxii differed dramatically. On incubation at 28 "C, the chitin synthetase activity of mycelial HMF was virtually lost within 2 h (Fig. I) . In sharp contrast, the chitin synthetase activity of yeast HMF rose and reached a maximum (nearly a 10-fold increase) after 6 h incubation at 28 "C. With continued incubation the net chitin synthetase activity began to decline. These changes were temperature dependent. At o "C, the same behaviour occurred but at a much slower rate. The mycelial I 6-2 Chitin synthetase activity enzyme activity disappeared in z to 3 days ( Fig. I ) whereas the yeast enzyme activity increased (Fig. I) for 7 days and then began to decline (not shown). At this low temperature, an initial rise was detected in the mycelial enzyme activity before the decline.
Of the three subcellular fractions from yeast cells, the LMF initially had the highest chitin synthetase activity (Table I) . However, this increased only 1-8-fold on storage at o "C for 96 h. In contrast, the activity of the HMF increased 14-fold and ultimately became the most active fraction. The CWF was activated to an intermediate level (5-%fold).
Endogenowproteolytic activity of M. rouxii. The MMF from mycelium of M . rouxii had proteolytic activity in the pH range z to 8 (Fig. 2) . The protease activities of mycelial and yeast MMF were compared at pH 3.0 (haemoglobin) and pH 6.0 (casein). The protease specific activity in the mycelial MMF was always higher, although the differences ranged from 2-to 7-fold in separate experiments.
Eflect of a protease inhibitor. Phenylmethylsulphonyl fluoride, at 0.1 to 1.3 MM, had no noticeable effect on the stability of chitin synthetase (MMF) prepared from either the mycelium or yeast cells of M. rouxii and stored at either 28 or o "C.
Activation of chitin synthetase by exogenous proteases. Several proteases were added, at various concentrations, to standard chitin synthetase assays. All of them increased chitin synthetase activity but to different extents (Fig. 3) , the most effective being the acid protease from Rhizopus chinensis, Trypsin and pronase were highly stimulatory at 80 pg ml-l, but at higher concentrations the net chitin synthetase activity was low probably because of proteolytic degradation. In making these comparisons of protease efficacy, one should keep in mind that the tests were done at a pH (6.0) favourable for chitin synthetase and not at the pH optimum for each protease.
The addition of R. chinensis protease to MMF from yeast cells of M. rouxii increased both the rate of activation and the maximum level of chitin synthetase (compare Figs 4a and I). Acid protease also affected mycelial chitin synthetase although the net effect was less pronounced; activity increased briefly and then decayed rapidly (Fig. 4b) .
Soluble inhibitor of chitin synthetase activation. The SSF of M . rouxii contains a soluble inhibitor of chitin synthetase activation (McMurrough & Bartnicki-Garcia, I 973). Addition of crude SSF from yeast cells (14 mg ml-l) to the HMF from the same cells (8.4 mg ml-l) in a standard chitin synthetase assay, slowed down the rate of activation by almost 50 %. We found that SSF of yeast cells contained 2.5 times more inhibitor per mg protein than the mycelial SSF.
Stabilization of chitin synthetase with Brij 36T. The crude chitin synthetase from M. rouxii survived the action of anionic (sodium dodecyl sulphate) and neutral (Brij 36T) detergents. Samples were incubated at 28 "C with or without addition of acid protease. At intervals, samples (0.2 ml; 3-3 mgprotein for the mycelial enzyme and 1-7 mg for the yeast enzyme) were withdrawn and chitin synthetase activity was measured for 30 min at 22 "C. Chitin synthesized was measured by the atration method.
Specific activities are expressed as nmol GlcNAc incorporated rnin-l (mg protein)-'. A, No addition; 0, acid protease at 26.6 pg ml-l; 0, acid protease at I33 pg ml-l. Although the surfactants interfered with enzyme operation, most of the chitin synthetase activity in the MMF was recovered in the pellet after removing thelsurfactant by centrifuging Furthermore, Brij-treated samples of yeast chitin synthetase did not undergo spontaneous changes. Thus when a yeast MMF pellet was treated with 10 mM-Brij for 30 min at o "C, centrifuged at 660008 to remove the detergent, and washed twice with phosphate/Mg2+ buffer by centrifugation, its chitin synthetase activity became quite stable and no appreciable change was observed after 4 h at 28 "C (Fig. 5) or 96 h at o "C (compare with the results for untreated enzyme, Fig. I ).
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The supernatant obtained after treatment of MMF with Brij 36T was adjusted to 70 % saturation with (NHJ2S04. The resulting precipitate was separated by centrifuging at 3000 g for 10 min and dialysed against 0.05 M-phosphate buffer with 10 mM-MgCl,, pH 6.0. Measurement of protease activity at pH 3-0 (haemoglobin) and pH 6-0 (casein) indicated that most of the protease (85 %) was in the supernatant and the remainder in the detergentextracted MMF. Activation of Brij-stabilized chitin synthetase. When yeast MMF, previously stabilized with Brij, was treated with acid protease (50 p g ml-l), its chitin synthetase activity increased sharply and then rapidly decayed (Fig. 5) . Other proteases (trypsin, papain, mexicain) were also effective but the activation was considerably smaller.
Efect of sonic oscillation on chitin synthetase activity. Cabib & Farkas (1971) found that a mild sonic oscillation depressed the chitin synthetase activity of particulate fractions of Saccharomyces spp. and released the activating protease. In M . rouxii, we found the opposite; sonication for as long as 6 min increased the chitin synthetase activity of the MMF sample. After centrifuging, the sonicated MMF pellet showed seven times more activity than the original sample. The net chitin synthetase activity of the sonicated pellet did not increase further on subsequent incubation at 28 "C; there was only a gradual decrease (40 % in 3 h).
When the supernatant of the sonicated MMF sample was recombined with the sonicated MMF pellet, its chitin synthetase activity decreased by about 50 % and remained essentially unchanged for the next 3 h. Clearly, sonication released a soluble inhibitor of the activation process and this may be the main reason for the rapid rate of activation of chitin synthetase during s onication. Regulation of chitin synthetase by proteolysis. The wide fluctuation of chitin synthetase activity in the cell-free extracts of M. rouxii can be explained as a result of two processes: activation of a latent (zymogen ?) form of the enzyme, and irreversible destruction. Both are probably caused by endogenous protease(s). This is supported by several findings: (i) exogenous proteases accelerate activation of chitin synthetase ; (ii) chitin synthetase preparations have proteolytic activity; and (iii) the chitin synthetase activity in preparations from M . rouxii yeast cells was stabilized by treatment with the neutral detergent Brij 36T. The detergent eliminated most of the endogenous protease, and the chitin synthetase activity of the preparations remained fairly constant for several days at o "C. On addition of protease, the Brij-stabilized enzyme was quickly activated to high levels. Sodium cholate had a similar action on chitin synthetase of Saccharomyces cerevisiae (Cabib et al., 1973) . Likewise, Gooday & de Rousset-Hall (1975) noted that digitonin increased the stability of chitin synthetase from Coprinus cinereus. This treatment also solubilized the enzyme.
The chitin synthetase system of M . rouxii, like that of Saccharomyces (Cabib & Farkas, 1971 ; Cabib et al., 1973) ~ consists of at least three major components: a glycosyl transferase; an activating protease; and a soluble protein inhibitor. According to Cabib and co-workers, the glycosyl transferase is present in the cell plasmalemma in a zymogenic state and is later activated by a protease present in a different cell compartment. The soluble inhibitor blocks the action of the protease and serves as a safety mechanism to avoid spurious activation. Our findings suggest a somewhat similar mechanism of activation of chitin synthetase. Presumably, the protease and the glycosyl transferase are in different subcellular compartments and begin to interact after being discharged to the cell surface.
Although the term 'zymogen' has been used to describe the inactive or latent form of chitin synthetase (Cabib & Farkas , 1g71) , the actual cause of this latency has not been established.
The presence of a soluble inhibitor of chitin synthetase in M . rouxii (McMurrough & Bartnicki-Garcia, 1973) was confirmed. The cell-free extracts from yeast cells of M. rouxii contained 2.5 times more inhibitor than those from mycelium. The properties of the inhibitor will be described elsewhere.
Mycelial versus yeast chitin synthetases. The behaviour of chi tin synthetases in cell-free extracts from mycelium and yeast forms of M . rouxii was markedly different. In the mycelium cell-free extracts, most of the chitin synthetase was already in an active state (or reached it during the assay), and only a small initial activation could be noted; otherwise, continued J. RUIZ-HERRERA AND S. BARTNICKI-GARCIA incubation at room temperature caused a rapid destruction. In sharp contrast, the yeast chitin synthetase was mostly present in a latent state that was slowly activated and eventually destroyed by endogenous proteases. Addition of exogenous proteases accelerated these processes.
Barring primary differences in the molecular structure of chitin synthetases from the mycelium or yeast cells of M. ruuxii, the pronounced discrepancy in stability and activation of the crude enzymes may result from the interplay between protease and inhibitor. Thus a high level of protease and low level of inhibitor in the mycelium would result in a short-lived chitin synthetase. Conversely, in yeast cells, a low protease level and a high inhibitor concentration would combine to make chitin synthetase long-lived.
Murphogenetic implicatiuns. The pattern of wall construction is probably a determinant of cellular shape in most fungi (Bartnicki-Garcia, 1973) . This is clearly apparent in the dimorphic fungus M . ruuxiz ' (Baxtnicki-Garcia & Lippman, 1969) . The hyphal (mycelial) form results from a polarized pattern of wall growth. A sharp gradient of wall synthesis exists at the tip of the apically growing tubular cell. The hyphal tube elongates without substantial change in wall thickness. By contrast, the spherical yeast cells expand isodiametrically by uniform deposition of wall components throughout the cell surface. There is also a gradual but substantial increase in wall thickness in the yeast cell (Lara & Bartnicki-Garcia, 1974 ). These two patterns of wall construction must be dictated by spatial and temporal controls on wall microfibril synthesis. The role of cytoplasmic vesicles in determining the spatial distribution of wall synthesizing enzymes, such as chitin synthetase, has been considered (Girbardt, 1969; Grove, Bracker & Morr6, 1970; Bartnicki-Garcia, 1973 ); as to temporal controls, our present findings indicate that the onset of activity and life-span of chitin synthetase may be regulated by proteolysis. The short life of the mycelial chitin synthetase is consistent with the observed sharp gradient of chitin synthesis in the hyphal apex (BartnickiGarcia & Lippman, 1969; . Enzyme initially deposited on the wall of the apical dome would be rapidly inactivated during the transition from tip wall to lateral wall. In yeast cells, inactivation of chitin synthetase may not be critical and the longer life of the enzyme would account for the thicker walls of the mature yeast cell (Lara & BartnickiGarcia, I 974).
